,4bsfrad -The stability of both resistor-load (R-load) and full-(2MOS SRAM cells is investigated analytically as well as by simulation. Explicit analytic expressions for the static-noise margin ( 
CMOS cell [8] . Cell-area reductions of 30-50 percent have been obtained, usually at the expense of a more complex process. However, this area advantage will be significantly reduced in future scaled-down memory processes requiring supply voltage reduction to avoid hot-carrier degradation. The reason is that the SNM for R-load cells becomes much lower than for 6T cells at low supply voltage. For sufficient noise margin the R-load cell must then be made larger. This means that 6T cells have greater potential. In order to explain these statements the SNM of SRAM cells is studied in this paper.
In Section II the cell stability is discussed with the aid of Both cell types can be represented by a flip-flop comprised of two inverters as shown in Fig. 2 The derivation of (1) was exact; no simplifying approximations were needed. In the case of (2), only one approximation was required, i.e., assuming local linearity of the transfer curve of inverter Q2 /Q4 around its operatĩ ng point where Qz is in the linear region. See, for example, the full-CMOS curve I in Fig. 3 . It is apparent that the bottom right-hand part is approximately linear.
B. Conclusions from Analytic Results
When studying the SNM expressions we can draw some interesting general conclusions. First, the SNM for both R-load and 6T cells depends only on threshold voltage, V~~, and /3 ratios, and not on the absolute value of the @'s. Therefore, the increased /3 values associated with subrnicrometer processes will not by themselves lead to improved cell stability. On the other hand, for the R-load cell the SNM will always decrease with decreasing V~~, as can be seen in Fig. 7 .
Finally, both SNM~and SNMCT will increase with increasing VT. Itfollows that the SNM will decrease with increasing temperature since VT decreases with temperature, and we have already concluded that the SNM is independent of the absolute value of the~'s.
IV. SNM SIMULATION METHOD
A simulation method based on the graphical technique described in Section II is presented here. To estimate SNM values, a procedure is needed that finds values for the diagonals of the maximum squares as shown in Fig. 3 . A method which is quick and easy to use was developed for use together with a standard dc circuit simulator [7] . 
For F;, first Fz is mirrored in the (x, y) system with respect to the u axis, and then it is transformed to the (u, u) system. The required coordinate transformation is now the same as (3) but with x and y exchanged; Substituting in y = Fz (x ) gives
Equations (4) and (5) (1) and (2), are plotted as a function of V~ã nd r for VT = 0.9 V and q = 3/8. The plots extend down to V~~= 3 V which is the approximate limit of validity of the analytic models. In the figures the analytically predicted SNM is compared with simulations which were performed according to the method outlined in Section IV.
For the simulations, both the most basic MOS model and a fully extended model with submicrometer transistor parameters (which includes subthreshold conduction, body effect, and mobility reduction) were used.
The curves obtained for the 6T cell (Figs. 8 and 10 ) show a good correspondence between (2) and the simulations for both transistor models. Note that the SNM is approximately constant with V~~for a ratio r =1.7. For smaller ratios the SNM increases with decreasing V~~in contrast to the behavior with larger ratios. As discussed before, this behavior is predicted by (2). The curves obtained for the R-load cell (Figs. 7 and 9) show a complete fit between (1) and simulations with the simple model. This is expected since the derivation of (1) was exact. However, a slope difference is observed for the simulation with the extended model. Further simulation has shown that this is caused by velocity saturation which was omitted from the simple model. This velocity saturation effect reduces the effective~of the access transistor Q4 for large V~~(see Fig. 4(a) ). This reduces the influence of the high bit-line level on the low level in the cell, apparently increasing the SNM. In the case of the 6T cell of Fig. 4(b) , this effect is compensated for by the mobility reduction of Q5 and the drain feedback effects of QI and Q4.
As a general observation, we see that for decreasing v~~, R-load cells need a significantly bigger ratio than 6T cells to achieve similar noise margins. Hence, for reduced supply voltage, the area advantage of R-load cells over full-CMOS cells begins disappearing.
So far the noise-margin comparison has been done for the read-access situation. When the SRAM is in the retention-mode (switched-off access transistors and V~~= 2 V) the differences between SNM~and SNMe~are observed by simulation to be much less. For example, for the parameters shown in Fig. 1 , SNM~and SNMG~are about 600 and 800 mV, respectively. These values are much better than the values obtained in the read-access case owing to the low-impedance access transistor loads being switched off. However, the impedances in the K--load case are much higher compared to the full-CMOS case. This makes the R-load cell much more sensitive to ac disturbances and a particles. 
( 1
Now we write the Kirchhoff voltage equations:
G~4= VDD -VDS2. v
Substituting these into (A3) and (A4) yields
( 1 (r+l)J~-r3/2-l )
VT.
For example, when VT= 0.9 V t~s expression reduces tO 3.2 V for r = 3.5 and 2.7 V for r =1. It follows that (A13)
is valid for VDD down to about 3 V.
APPENDIX -B DERIVATION OF SNM FOR FuLL-CMOS CELL
For the circuit of Fig. 4(b) we assume QI and Q4 to be saturated and Q2 and Q5 to operate in the linear region. 
( 1 (~-VDS2)2 = zrV~s2 VGS2-VT-~vDS2 (B8) with V. = V~~-VT, as before.
Eliminating V&z or V~s2 from these two equations yields a fourth-degree equation which is too complex to be useful. A simplifying approximation leading to a lower degree is therefore needed.
In Section III-A we noted in connection with Fig. 3 that the transfer characteristic of the inverter which is ON has a fairly constant slope around its operating point. In Fig. 11 this part of the characteristic is shown, together with a straight-line approximation through point P at V~s2 = V, which is the approximate operating point when marginal noise is applied. The linear approximation is defined by the value of VDs2 and its slope at point p. 'Dsz at Point P is derived from (B8) by sulmtitUt@ '&2 = V,. The SIOPe (denoted by -k) is determined by first differentiating (B8) with respect to V&2 and then evaluating at 'GS2 = V,.
The required linear approximation is then expressed as (see also 
As in Appendix A, we now apply the double-root stability criterion to (B13). Next we substitute (B14), and finally solve for V. to obtain the SNM:
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